We consider certain four dimensional supersymmetric and non-supersymmetric asymmetric orbifolds with vanishing cosmological constant up to two loops and gauge the world sheet parity transformation. These models contain bound states of Dp and D(p-4) branes or Dp and D(p-4) branes, respectively. Moreover, it is shown that different degrees of supersymmetry are realized in the bulk and on the brane. We show that for non-supersymmetric models the cosmological constant still vanishes at one loop order.
Introduction
In the recent past we have seen some interesting developments in the field of nonsupersymmetric string theory. Motivated by AdS-CFT duality, S. Kachru, J. Kumar and E. Silverstein (KKS) proposed a peculiar Z Z 2 × Z Z 2 asymmetric orbifold of type II B which breaks all supersymmetry but nevertheless features a vanishing cosmological constant both at one and two loops in string perturbation theory [1] [2] . Strong-weak duality of such models suggests that such a behaviour may even persist at higher loops and non-perturbatively [3] . For a slightly different model, by using duality to heterotic strings it was shown that there exist non-zero non-perturbative contributions to the cosmological constant [4] . Generalizations of the original bosonic models to backgrounds described by free world sheet fermions were discussed in [5] .
All the models studied so far contain at best abelian gauge symmetries in the tree level massless spectrum. In this paper we will pursue the question whether one can construct four dimensional non-supersymmetric string vacua with vanishing one loop cosmological constant and non-abelian gauge symmetries in the massless spectrum. It seems to be impossible to obtain perturbative heterotic models with the desired features. In a simple example, assume a Z Z 2 symmetry f breaks one half of the supersymmetry and another Z Z 2 breaks the other half. Then, since all supersymmetry comes from the right moving sector in the heterotic string, the twisted sector f g breaks already all supersymmetry, so that the argument of KKS fails. Another kind of models with non-abelian gauge symmetries are orientifolds which we will consider in this paper.
Naively, it seems to be nonsense to gauge the world sheet parity operation for an asymmetric orbifold. It seems simply not to be a symmetry. However, as also suggested in [6] one can arrange a situation where, for instance, the two asymmetric Z Z 2 symmetries get exchanged by parity reversal. We will study examples of exactly this type, for which the entire discrete symmetry group is non-abelian. In the usual way tadpole cancellation requires the introduction of open strings in the theory which are allowed to end on certain D-branes. Depending on what exactly the two Z Z 2 symmetries are, we are lead to introduce Dp and D(p-4) branes or Dp and D(p-4) in the theory. We consider examples with either p = 9 or p = 8. As already proposed in [7] , the two types of branes are transformed into each other by the asymmetric Z Z 2 actions in the open string sector. As a result one gets sort of a bound state between these two different kinds of branes.
By analyzing the massless spectrum, all the examples we study share the common feature of having different degrees of tree-level supersymmetry in the bulk and on the branes. This is similar to the supersymmetry breaking mechanism first introduced by Scherk and Schwarz [8] and recently discussed in the string framework by various authors [9] . This paper is organized as follows. In section 2 we provide some background material for the definition of the three types of models we will consider in the remaining part of the paper.
In section 3 we compute all non-oriented one-loop diagrams, showing that they are still zero. Consequently one has the same number of bosonic and fermionic degrees of freedom at every mass level. In section 4 we compute the massless spectra in the open string sector and in section 5 we will end with some conclusions.
Asymmetric orbifolds
In this section we introduce six asymmetric orbifolds with either N = 2 or N = 0 supersymmetry in the bulk. However, let us start with some preliminaries. T-duality exchanges type II B (type II A) on a circle of radius R with type II A (type II B) on a circle of radius α ′ /R. If one considers an even number of circles at the self-dual radius R = √ α ′ , T-duality becomes a symmetry of the model and can be gauged. In all cases discussed in the following we will fix at least four circles at the self-dual radius. Furthermore, from now on we set α ′ = 1/2. It is known that T-duality can be understood as a left moving reflection and is therefore denoted as (−1, 1). However, modding out f = (−1, 1) 4 alone is not possible, for it does not satisfy level matching. This can be seen by computing the partition function in the f
The 1 f sector is determined by a modular S-transformation and is proportional to (θ 3 (τ /2)) 4 . Apparently this contains levels h ∈ Z Z + 1/4 which violate the level matching condition. As was observed in [1] this can be repaired by equipping f with further shifts.
In the following we will work with the Z Z 2 shifts A 1 , A 2 , A 3 introduced in [10] . Table 2 shows how the three kinds of shifts act on Kaluza-Klein (KK) and winding states (m, n) and to what left-right shift they correspond to.
shift action on (m, n) (X L , X R ) shift we can list the six models we will study in the course of this paper Table 2 : Definition of models Apparently, for model III the world sheet parity reversal Ω is not a symmetry, but combining it with a permutation P of the X 5 and X 6 directions one obtains a symmetry Ω ′ = Ω P .
However, one has to be a bit more careful. For Ω to be a symmetry of the models I and II we had to start with type II B. Since the permutation P changes a chiral ten dimensional spinor into an antichiral spinor, we should better start with type II A to guarantee that Ω P is indeed a symmetry.
The first four models in Table 2 are similar to those considered by J. Harvey in [4] , whereas the last two ones are similar to the original one of KKS 1 [1] . Before gauging Ω ′ all six models have 32 massless bosonic degrees of freedom and 32 massless fermionic degrees of freedom in the untwisted sector. Models I and II also contain 64 bosonic and fermionic degrees of 1 As in reference [4] we consider f and g as commuting generators in the point group with
) where every term preserves some supersymmetry.
freedom in the f g twisted sector. Since in model III f g still contains a shift in the X 5 and X 6 directions, there do not appear additional massless states in the f g twisted sector.
Furthermore, the complete perturbative massive spectrum is also bose-fermi degenerated, leading to a vanishing cosmological constant at one loop. Now, we would like to gauge also the parity reversal Ω ′ . Considering only the massless spectrum one finds that the degrees of freedom arising in the closed string sector are exactly halved by this projection.
However, one expects to find massless tadpoles arising in the Klein bottle amplitude, which The detailed analysis in section 3 will show that in principal the argument is correct but surprisingly it will turn out that the supersymmetry on the branes is actually reduced to N = 1.
Tadpole cancellation
Computationally, the new aspect we are facing is to gauge a non-abelian discrete symmetry group containing Ω ′ . Using the relation Ω ′ f Ω ′ = g and that f and g commutes one can easily show that the two symmetries θ = Ωf and r = f can be written as a sum over abelian orbifolds
Z θ is a Z Z 4 orbifold with in our case elements (1, 
Klein bottle
In the loop channel Klein bottle amplitude one has to sum over all sectors
for which g and Ωh commute. This is in agreement with the consistency conditions derived in [11] for the tree channel Klein bottle amplitude. As usual, P the GSO projection applied to our case (3.3) leads to the following contribution to the cosmological constant
where one only has to take the trace over the untwisted and f g twisted sectors. Moreover,
since Ω exchanges left and right movers the trace needs only to be taken over the NS-NS and R-R sectors. Therefore the space time fermion number operator (−1) F appearing in the definition of f and g does not matter in the Klein bottle amplitude. The effect of the (−1) F L ,F R insertions in f and g is also marginal, for it only changes some of the signs in front of terms containing contributions from the spin structure + + which is zero anyway.
Thus, also for the non-supersymmetric cases Ib and IIb the Klein bottle amplitude vanishes.
Moreover, the shifts contained in f and g permute the 16 different fixed points of f g and therefore the contributions K(t) f g,f and K(t) f g,g are identical to zero. Summarizing, the
Klein bottle amplitude for model I and II can be written as
Here we have defined ρ = r 2 /α ′ which is actually one at the self-dual radius. However, we keep it in the formulae in order to follow the different volume factors in the amplitudes. In order to detect massless tadpoles one has to transform the amplitude into the tree channel by a modular transformation t = ΩP |m 5 , n 5 ; m 6 , n 6 = |m 6 , −n 6 ; m 5 , −n 5 , (3.7)
so that only states with m 5 = m 6 and n 5 = n 6 contribute in the trace. The complete calculation yields the following amplitude
The second term in (3.8) does not generate a tadpole either and the two tadpoles from the first term scale with volume factors V 9 and V 5 , pointing already to compensating brane contributions from D8 and D4 branes. The next step is to introduce an open string sector, on which one first has to determine the action of the asymmetric generators f and g. To describe the action of f on the Chan-Paton factors we introduce a matrix γ f which must be of the form
Cylinder and Möbius amplitude
where f 95 is an N × N matrix. Remember, that the actions of all the other symmetries like Ω and f g were block diagonal in the GP model. Given the choice made in GP
consistent with all conditions for the γ matrices we can choose f 95 = 1.
Generally, the cylinder amplitude is defined by
Since f and g change the type of brane, the trace with f and g insertions is trivially zero and the computation reduces to the GP computation. We obtain for the complete cylinder (1 + (−1) f ) to 1 2 (1 − (−1) f ) implying that the tree level exchange of R-R fields contribute with the other sign. This nicely confirms that we indeed need D5 branes for model II, since otherwise the brane would be attracted to a D9-brane and we would not get a stable background.
Finally, we compute the Möbius amplitude
Again, since f and g change the type of brane the traces with f, g insertions vanish. The remaining partition function yields exactly the GP result.
Here, the extra (−1)
F factor in f g in model II means that the orientifold plane carries the opposite charge, so that we have to put a D5-brane in front of an O5-plane in order to get zero force. Working out the tadpole cancellation conditions one finds that they cancel exactly for 32 D9-branes and 32 D5(D5)-branes. They argued that in the 95 sector the action of Ω 2 on the oscillator modes is Ω 2 = −1 so that the action of Ωf and the requirement that the state be invariant leads to the condition
Using the definition of the γ matrices in (3.9) and (3.10) one obtains the two equation Generalizing the computation presented above, one can compute the massless matter spectrum as shown in Table 3 sector supermultiplet reps.
99 − 55 hypermultiplet I (A I , 1) Table 3 : open string massless spectrum
For instance, A I denotes the antisymmetric representation with respect to the gauge group
The spectrum is free of non-abelian gauge anomalies. As in the GP model there are of course abelian gauge anomalies, which should be cancelled by the Green-Schwarz mechanism [13] . Except some slightly different projections of the oscillator states, the computation of the massless spectrum in the open string sector is absolutely identical for the models II and III. Independently of the degree of supersymmetry in the bulk, one always gets N = 1 supersymmetry on the brane. The brane so to say has chosen to take the average supersymmetry of the possible bulk N = 2 and N = 0 supersymmetries.
Thus, we have a situation which is very similar to the supersymmetry breaking scenario proposed by Scherk and Schwarz [8] . However, we expect that in our case we have N = 1 supersymmetry at all mass levels of the open string, whereas in the original Scherk Schwarz mechanism only the mass levels below some scale showed some supersymmetry. Quantum effects of course will mediate supersymmetry breaking from the bulk to the brane and vice versa.
Conclusions
Technically, in this paper we have studied new kinds of orientifolds, namely we have From a phenomenological point of view these models may be interesting, because they combine a (possibly) vanishing cosmological constant with non-abelian gauge symmetries living on the branes. Unfortunately, the recently discussed brane-world scenario [6] , where one can have a string scale as low as 1TeV is not directly applicable. The essential condition there is, that one can grow a large radius transverse to the brane on which the gauge degrees of freedom live. In our case all radii orthogonal to the D(p-4)-branes are fixed at the selfdual radius and related to that the gauge degrees of freedom live not only on D(p-4)-branes but also on Dp-branes.
It is known that the GP model has an F-theory dual description [14] , so it would be interesting to determine to which symmetry of F-theory f and g correspond to. Finally, let us make clear that our results are not in contradiction to the duality of Type I and heterotic string theory. In the introduction we claimed that it is impossible for perturbative heterotic strings to be non-supersymmetric and have vanishing cosmological constant. The orientifold models discussed so far would however be at best dual to non-perturbative heterotic backgrounds with also the solitonic heterotic 5-brane involved.
